Single-walled carbon nanotubes (SWNTs) are promising heating agents in cancer photothermal therapy when under near infrared radiation, yet few efforts have been focused on the quantitative understanding of the photothermal energy conversion in biological systems. In this article, a mesoscopic study that takes into account SWNT morphologies (diameter and aspect ratio) and dispersions (orientation and concentration), as well as thermal boundary resistance, is performed by means of an off-lattice Monte Carlo simulation. Results indicate that SWNTs with orientation perpendicular to the laser, smaller diameter and better dispersion have higher heating efficiency in cancer photothermal therapy. Thermal boundary resistances greatly inhibit thermal energy transfer away from SWNTs, thereby affecting their heating efficiency. Through appropriate interfacial modification around SWNTs, compared to the surrounding healthy tissue, a higher temperature of the cancer cell can be achieved, resulting in more effective cancer photothermal therapy. These findings promise to bridge the gap between macroscopic and microscopic computational studies of cancer photothermal therapy.
Introduction
Cancer photothermal therapy with local heating agents has attracted much research interest in recent years due to its noninvasiveness and gentleness compared with traditional clinical chemotherapy and radiotherapy [4, 29, 38] . With the presence of local heating agents, thermal energy can be targeted to malignant tumor, while minimizing the damage to healthy tissue [16, 50, 57] . Carbon nanotubes (CNTs) are promising local heating agents due to their strong laser absorbance in the tissue-transparent near infrared irradiation region (NIR: wavelength from 700 to 1100 nm) [24] . When functionalized by appropriate surfactants, CNTs may selectively attach to cancer cells, inducing selective ablation of cancer cells with NIR irradiation [19, 26, 40, 55] . Compared with gold nanoparticles as local heating agents (e.g. nanorods, nanospheres and nanoshells), CNTs require much lower NIR intensity and shorter radiation time in cancer photothermal therapy, which reduces the effect on surrounding healthy tissues [55] . With appropriate functionalization, CNTs could exhibit no cytotoxicity in vivo [58, 59] and be excreted through the kidneys and urinary system [43] .
Cancer photothermal therapy using NIR and CNTs has been investigated by experiments both in vitro and in vivo [16, 35, 36, 51] . Kam et al [24] functionalized singlewalled carbon nanotubes (SWNTs) using phospholipids (PLs) with polyethylene glycol (PEG) and folic acid (FA) terminal groups. The functionalized SWNTs selectively attached to HeLa cancer cells due to the overexpressed folate receptors on cancer cell membranes. With 808 nm laser radiation focused at 1.4 W cm −2 for 2 min, apparent death of cancer cells was achieved without damage to normal cells. Zhou et al [57] investigated the effect of FASWNTs on tumor cell death in laser treatment of mouse tumors. With 1 W cm −2 laser radiation for 5 min, a surface temperature up to 63°C was observed with an FA-SWNT concentration of 1 mg kg −1 , while the temperature only increased to 54°C without the injection of FA-SWNT into the tumor. Utilizing SWNTs functionalized by IGF1R and HER2 specific antibodies, Shao et al [40] observed only 20% viability of breast cancer cells after applying an 808 nm laser at 0.8 W cm −2 for 3 min. By using anti-HER2 lgY antibody functionalized SWNTs, Xiao et al [51] also achieved the selective destruction of breast cancer cells with SWNTs located on cancer cell membranes.
Since photothermal therapy with NIR and CNTs is a promising effective cancer treatment, it is quintessentially important to quantitatively understand the photothermal energy conversion in the malignant tumor [27] . However, few studies have been directed to the computational study of heat transfer in photothermal therapy with NIR and CNTs. Macroscopic models of cancer therapy using laser and metal nanoparticles have been developed by solving the heat diffusion equation using the finite element method (FEM) [17, 27, 47] . These models may not be applicable to the study of heat conversion in photothermal therapy when using CNTs, because the optical and thermal properties of CNTs and metal nanoparticles are largely different. The effect of morphology (e.g. diameter and length), dispersion pattern (e.g. orientation and concentration) and interactions of CNTs on cancer photothermal therapy cannot be investigated in depth by using macroscopic models, due to the smaller dimension of CNTs. Moreover, macroscopic models have not taken into account the thermal boundary resistance (also known as Kapitza resistance) around CNTs, which plays a significant role in the heat transfer through systems containing CNTs [2, 53] . Microscopic models may overcome these limitations by taking into consideration the morphology and dispersion of CNTs, as well as the thermal boundary resistance around CNTs [25, 41] . Microscopic models usually apply the molecular dynamics (MD) method to study the interactions between CNTs and cell membranes or subcellular organelles [48, 56] . However, limited by the computational power, the length of CNTs used in microscopic models is usually less than 10 nm, which is much smaller than the real length of CNTs used in the experimental studies (normally longer than 100 nm [24] ). The number of CNTs studied in microscopic models is also limited. Therefore, the effect of CNT length and quantity on the temperature increase of cancer cells may be misinterpreted and underestimated.
The contribution of the present study is to break the limitations of macroscopic and microscopic studies, and to develop a mesoscopic model of cancer photothermal therapy using NIR and SWNTs based on an off-lattice Monte Carlo method. Various SWNT morphologies (e.g. diameter and aspect ratio) and dispersion patterns (e.g. orientation and concentration) are simulated, and their effect on the temperature increase of biological systems has been investigated in detail. The role of thermal boundary resistance in the temperature increase of the healthy tissue and the cancer cell are both quantitatively studied. Our findings promise to bridge the gap between macroscopic and microscopic models and to guide the optimization of cancer treatment conditions with NIR and SWNTs.
Simulation algorithm
A 3D model is developed with healthy tissue, cancer cells and randomly distributed SWNTs. As shown in figure 1(a) , the side of the cube representing healthy tissue is 2 μm and the diameter of the sphere representing a cancer cell is 1 μm. SWNTs are represented as solid cylinders and are randomly distributed over the surface of the cancer cell. The size of SWNTs for base study is 1.2 nm in diameter and 150 nm in length, which is consistent with the experimental study [24] . The system is under the illumination of an 808 nm laser from the top surface. Assuming the laser has a Gaussian distribution in space, the laser density distribution at a location (x,y,z), I(x, y, z), can be expressed as [49] . wherein I 0 , ε, α, r and h are the laser density, the saturated absorption coefficient, the damping coefficient, the radius of the laser beam and the side length of the cubic model in figure 1(a) , respectively. The origin of the coordinate system is at the bottom left corner of the model Nanotechnology 25 (2014) 205101 F Gong et al (x = 0, y = 0 and z = 0). In the current work, SWNTs with different orientations are assumed to have the same optical absorption coefficient, ε, due to the negligible effect of SWNT orientation on the optical property of SWNTs under low photon energy irradiation (less than 2 eV) [34] . Owing to the strong NIR absorbance of SWNTs and the high transparence of the healthy tissue and the cancer cell, it can be reasonably assumed that only SWNTs absorb laser energy and instantaneously convert optical energy to thermal energy. Thermal energy is modeled by releasing a large quantity of thermal walkers with the same energy from SWNTs in each small time step. Considering the orientation of SWNTs, the number of thermal walkers released from an SWNT in a time step can be calculated as
where N max is the maximum number of thermal walkers released from an SWNT in a single time step. This value is 10 000 in the current work based on our previous work, in order to balance algorithm accuracy and computational time [14] . The angle between the SWNT orientation and the laser direction is designated by φ, which is the parameter that accounts for the effect of SWNT orientation. Due to the much smaller size of the SWNTs (1.2 nm diameter) compared to the radius of the laser beam (3000 nm), the center of each SWNT was used to calculate the number of thermal walkers released from each of them. Based on our previous work [14] , thermal walkers in CNTs are assumed to travel randomly with an infinite speed due to CNTs' ultrahigh thermal conductivity [1] . In the healthy tissue and the cancer cell, thermal walkers move randomly with Brownian motion [11] . The Brownian motion is described by changes in the position of walkers in each time step. The position changes in each space direction take values from a normal distribution with a zero mean and a standard deviation, σ , which depends on the thermal diffusivity of the healthy tissue and the cancer cell:
wherein Δt is the time increment, and D m is either the thermal diffusivity of the healthy tissue or the cancer cell in which a thermal walker is travelling. Thermal boundary resistances (often referred to as Kapitza resistances) at interfaces have been taken into consideration by introducing a probability for the thermal walkers to transmit across an interface, when their random motion makes them jump across an interface. According to the acoustic mismatch theory [45] for the prediction of the thermal boundary resistance, the probability for walkers to jump across the interface between the tissue and SWNTs, f ti-CNT , is given by
ti CNT ti ti ti ti CNT where ρ ti , C ti , v ti and R ti-CNT are the density, specific heat of the healthy tissue, sound velocity in the healthy tissue and the thermal boundary resistance between CNTs and the healthy tissue, respectively. Once a thermal walker in the healthy tissue reaches the tissue-SWNT interface, it will either jump into the SWNTs with a probability of f ti-CNT , or stay in the original position with a probability of 1−f ti-CNT . A similar rule governs the motion of thermal walkers in the tissue reaching the interface between the tissue and the cancer cell. Thermal walkers in the cancer cell travel similarly to those in the healthy tissue. Thermal walkers in SWNTs, due to their infinite speed, may reach tissue-SWNT or cancer cell-SWNT interfaces in a single time step. Thermal walkers inside the SWNTs will jump into the healthy tissue with a probability of f CNT-ti , travel to the cancer cell with a probability of f CNT-ce , or stay in the original SWNT with a probability of 1−f CNT-ti −f CNT-ce . In thermal equilibrium, the average walker density (i.e. the number of walkers per SWNT volume) in SWNTs does not change with time to keep a constant temperature. This means that, within a time step, heat flux entering an SWNT should be equal to that exiting from the SWNT. Owing to their infinite speed, all the walkers in SWNTs may travel into the surrounding healthy tissue in a time step, but for the walkers in the healthy tissue only those around the SWNT's surface may jump into the SWNT due to the random Brownian motion in the healthy tissue. Therefore, the two probabilities, f CNT-ti and f ti-CNT , are related as
wherein V CNT and A CNT are the volume and surface area of SWNTs and C f is a thermal equilibrium factor, which depends on the interfacial area and the geometry of the SWNTs. The relation between f CNT-ce and f ce-CNT is similar, but the thermal equilibrium factor is different due to the different interaction areas. The tissue-SWNT and cell-SWNT equilibrium factors are numerically determined to be 0.25 and 0.045, respectively [8] . Since there is a relatively large interfacial area between the healthy tissue and the cancer cell, it is reasonable to assume that the probability of thermal walkers traveling from the tissue to the cell is equal to the probability of walkers jumping back from the cell to the tissue. A detailed description of thermal walker motion can be found in our previous work [14] . The computational box is divided into 200 grids on each side (total of 200 × 200 × 200 computational bins) and the temperature distribution is calculated from the number of walkers in each computational bin. As the initial condition, the body temperature (37°C) is assumed everywhere in the model. The temperature in each bin can be calculated as
wherein T 0 and ΔT are the initial and increased temperature. N and e are the number of thermal walkers and the energy of one thermal walker in a bin. ρ, V and C p are the density, volume and specific heat capacity of the bin, respectively. The thermal properties and parameters used in the simulations can be found in table 1. In this work, constant temperature of the SWNTs was assumed for the determination of the thermal equilibrium factors. This assumption was used to avoid the violation of the second law of thermodynamics, when applying interfacial thermal resistances at the tissue-SWNT and cell-SWNT interfaces at thermal equilibrium. For the simulations of the temperature increase rate in the cancer cell and the tissue, the temperature of the SWNTs changed with time as the whole system was in a transient process during the laser heating.
Results and discussion

Model validation
The model is validated with the experimental study carried out by Kam et al [24] . In their study, a biological solution with randomly distributed SWNTs was heated by an 808 nm laser with an intensity of 1.4 W cm −2 . With an SWNT concentration of 25 mg l −1 , the biological solution achieved a temperature increase rate of 0.6°C s The thermal boundary resistance was set to be 12 × 10 −8 m 2 K W −1 between SWNTs and biological solution, which was the average thermal resistance at an SWNT-water interface reported by Maruyama [31] . The laser energy absorbed by each SWNT is calculated in our mesoscopic model. According to equation (1), the saturated absorption coefficient of a single SWNT is indispensable to accurately obtain the laser energy absorbed by each SWNT. Due to the complexity in handling a single SWNT and measuring its absorption coefficient, there is no literature report of the absorption coefficient of a single SWNT. Although some studies have been conducted to characterize the optical properties of CNT films [21, 33] , these values may be larger than the value for a single SWNT due to the interaction and bundle effect of CNTs in CNT films. Since nanographene has similar properties to SWNTs, the saturated absorption coefficient of monolayer nanographene may be used for an SWNT. Mark et al [30] have reported the saturated absorbance of monolayer graphene to be 2.3 ± 0.2%. Using this absorbance value for the SWNT, we obtained a temperature increase rate of 0.71 ± 0.07°C s −1 for the biological solution. This value was the average result of three simulations with different dispersions of SWNTs in the biological solution. The lower limit of the above calculation was slightly higher than the experimental value of 0.6°C s −1 reported by Kam et al [24] . In experiments, some factors (e.g. interactions between SWNTs, bundle aggregation of SWNTs and other heat losses to the ambient environment) may affect the temperature increase rate of the biological solution. These factors have not been taken into consideration due to the limitation of the current model, which may account for the slightly higher temperature rise than in the experimental study.
3.2. Effect of SWNT optical properties on the temperature increase of the biological solution As discussed, optical properties of SWNTs significantly affect the temperature increase of the biological solution when heated by an NIR laser. The laser absorbance of SWNTs is related to their molar extinction coefficient, which can be calculated from the absorption cross section of SWNTs. Islam et al [20] first reported the SWNT absorption cross section to be 0.08 × 10 −17 cm 2 per C atom. A larger absorption cross section of 0.7 × 10 −17 cm 2 was later found by Ming et al [32] using DNA-suspended SWNTs. This value is close to that of a monolayer of graphene with an absorbance of 2.3%, which corresponds to an absorption cross section of 0.6 × 10 −17 cm 2 . By using Rayleigh scattering, Joh et al [23] measured the absorption cross section of SWNTs to be 2.5 × 10 −17 cm 2 . This relatively high value may be ascribed to the strong optical coupling among adjacent SWNTs. Following Joh et al, Schoppler et al determined the absorption cross section to be (1.7 ± 0.4) × 10 −17 cm 2 per C atom by using fluorescence tagging and atomic force microscopy (AFM) images [39] . Using the five different absorption cross sections reported above to calculate the temperature increase rate of the biological solution, we have obtained the temperature increase rates of 0.095, 0.83, 0.71, 2.96 and 2.02°C s −1 , respectively. The larger the value of absorption cross section of SWNTs, the higher the temperature of the biological solution. If the absorption cross section can be modified and increased, the heating efficiency of SWNTs may be enhanced in cancer photothermal therapy. SWNT aggregates and bundles are likely to decrease the absorption cross section of SWNTs in suspensions [7] , which can be avoided by using SWNTs functionalized by proper surfactants [6] . With appropriate functionalization of SWNTs, the absorption cross section could be increased, so as to enhance the heating efficiency of SWNTs in photothermal therapy.
Effect of SWNT orientation and concentration on the temperature increase rate of the biological solution
SWNT orientation plays a significant role in the thermal properties of SWNT-polymer composites [10] and SWNT nanofluids [9] . In order to study the effect of SWNT orientation on the temperature increase of biological solution, models with different SWNT orientations were built, as shown in figures 1(b)-(d) . The temperature increase rates of the biological solutions with different SWNT orientations are presented in figure 2 . With the same SWNT concentration, SWNTs with orientation perpendicular to the laser beam produced the highest temperature increase rate of the biological solution, while SWNTs with parallel orientation resulted in the lowest. The effect of SWNT orientation on the temperature increase rate of the biological solution is closely related to the effective absorption area of SWNTs to laser. At the same laser intensity, larger absorption area of SWNTs can absorb more laser energy and hence induce a higher temperature. Perpendicularly orientated SWNTs have the largest effective absorption area, followed by randomly orientated SWNTs, and finally parallel orientated SWNTs. It can be concluded that the heating efficiency of the SWNTs in photothermal therapy could be strengthened by controlling the SWNT orientation relative to the laser direction, which may be achieved by applying a magnetic field [42] . As shown in figure 2 , the temperature of the biological solution increases with the rise of SWNT concentration. This result is consistent with the experimental findings of Ghosh et al, in which an increase in CNT concentration resulted in an apparent increase of the temperature rise of the tumor [13] . At higher SWNT concentration, more SWNTs are present as heating agents, resulting in a higher temperature of the biological solution. High concentration of SWNTs benefits cancer photothermal therapy. However, higher concentration of SWNTs may induce higher cytotoxicity in the biological systems [15, 26] . Therefore, the concentration of SWNTs used in in vivo photothermal therapy should be well controlled in order to avoid possible cytotoxicity.
Effect of SWNT morphology on the temperature increase rate of the biological solution
The morphology of SWNTs (diameter and aspect ratio) was varied to study their effect on the heating efficiency of SWNTs in photothermal therapy. Figure 3(a) is a presentation of the temperature increase rate of the biological solution with the same SWNT concentration but different SWNT diameters. The temperature increase rate decreases with increasing SWNT diameter, indicating that smaller SWNTs have higher heating efficiency. This may be ascribed to the specific larger surface area of smaller SWNTs. At the same SWNT concentration, SWNTs with smaller diameter have larger surface area per volume than those with bigger diameter. The larger surface area could result in a larger absorption area of SWNTs for NIR, as well as a larger interfacial area with the surrounding solution, enhancing the heat transfer from SWNTs to the biological solution [22] . The aspect ratio of SWNTs (i.e. the ratio of length to diameter, L/ D) seems not to have a significant effect on the temperature increase rate of the biological solution, as shown in figure 3(b) . This may be ascribed to the method of varying the aspect ratio in the current study. The aspect ratio of the Figure 2 . Effect of SWNT concentration and orientation on the temperature increase rate of biological solution. The concentration used in the experimental study was 25 mg L −1 [24] . The thermal boundary resistance used between the SWNTs and the biological solution is 12 × 10 −8 m 2 K W −1 [31] . SWNTs was varied with constant diameter and therefore the length of the SWNTs was altered. At the same concentration of SWNTs, varying length does not significantly affect their surface area and thereby induces negligible effect on the temperature of the biological solution compared to SWNT diameter.
Effect of thermal boundary resistances on the temperature increase rate
Thermal boundary resistance is the resistance to heat flow at an interface [3] , which plays a significant role in the heat transfer of systems containing SWNTs due to their specific surface area [2] . The effect of thermal boundary resistances on the temperature increase rates has been investigated by introducing a probability for phonon transmission at interfaces according to the acoustic mismatch theory [45] . Figure 4 is a presentation of the effect of the thermal boundary resistance between SWNTs and the biological solution on the temperature increase rate of the biological solution. With different dispersions of SWNTs, the temperature increase rates of biological solution all decrease with the rise of the thermal boundary resistance between SWNTs and the biological solution. According to the acoustic mismatch theory, the probability for phonon transmission from SWNTs to surrounding biological solution is inversely proportional to the thermal boundary resistance. Therefore, higher thermal boundary resistance between SWNTs and biological solution greatly inhibits thermal energy transfer from the interior of the SWNTs to the exterior system, inducing a lower temperature in the surrounding biological solution. Lervik et al [28] reported that the thermal conductance at the protein-water interface was within the range of 100-270 MW K
, which corresponds to a thermal boundary resistance of 0.37-1.0 × 10 −8 m 2 K W −1 . Since the cell membrane consists of various proteins while healthy tissue is mainly composed of water [44] , there might be thermal boundary resistance at the tissue-cancer cell interface due to the interactions between proteins from the cancer cell membrane and water from the healthy tissue. Thermal boundary resistance was assumed to exist at the cell-tissue interface in the current work, and to be of the order of 0.5 × 10 −8 m 2 K W −1 [28] . Systems were built with the cancer cell inside the healthy tissue and SWNTs located on the cell membrane. A larger diameter of SWNTs (6 nm) was applied considering the functionalization of SWNTs. The thermal boundary resistances at cell-SWNT, tissue-SWNT and tissue-cell interfaces were quantified to investigate their effect on the temperature increase rates of the tissue and the cancer cell. As shown in figure 5(a) , the temperature increase rate of the cancer cell decreases with increasing the thermal boundary resistance at the cell-SWNT interface (R ce-CNT ). In contrast, the temperature increase rate of the healthy tissue increases with increasing R ce-CNT . Higher thermal boundary resistance between the cancer cell and SNWTs more significantly hinders thermal energy transfer from SWNTs to the cancer cell, meaning that fewer thermal walkers can travel to the cancer cell from SWNTs. The smaller number of thermal walkers in the cancer cell accounts for the lower temperature increase rate of the cancer cell. However, owing to the much blocked thermal energy in SWNTs, more energy may transfer to the healthy tissue, inducing a higher temperature of the tissue. Figure 5 (b) is a plot of the effect of thermal boundary resistance between the healthy tissue and the SWNTs on the temperature increase rate of the tissue and the cancer cell. Higher thermal boundary resistance at the tissue-SWNT interface (R ti-CNT ) generates a higher temperature increase rate of the cancer cell but a lower rate of the healthy tissue. With high R ti-CNT , thermal energy transfer is greatly impeded from SWNTs to the healthy tissue, which results in a low temperature increase rate of the healthy tissue. Conversely, a large amount of heat from inside SWNTs will alternatively transfer to the cancer cell through SWNT-cell interfaces, hence leading to a high temperature increase rate of the cancer cell. Similarly, the effect of thermal boundary resistance between the healthy tissue and the cancer cell (R ti-ce ) is shown in figure 5(c) . The temperature increase rate of the cancer cell increases with increasing R ti-ce , while the temperature increase rate of the tissue decreases with the elevation of R ti-ce . Since the cancer cell has higher temperature than the healthy tissue, higher thermal boundary resistance at the tissue-cell interface will prohibit more effectively the thermal energy transfer from the cancer cell to the surrounding tissue. Owing to the larger interfacial area between the tissue and the cancer cell, the effect of R ti-ce is more significant than those of R ce-CNT and R ti-CNT . As noted in figure 5 , the cancer cell has a higher temperature increase rate than the healthy tissue in the current work. This may be ascribed to the smaller mass and specific heat capacity of the cancer cell, as well as the presence of SWNTs as heat sources located on the cell membrane. As discussed above, thermal boundary resistance around SWNTs significantly affects the heating efficiency of SWNTs in photothermal therapy. The thermal boundary resistance can be modified by appropriate functionalization of SWNTs [5, 46] . In biological systems containing cancer cells and SWNTs, through appropriate interfacial modification around SWNTs, the ratio of R ce-CNT to R ti-CNT (R ce-CNT /R ti-CNT ) can be adjusted to enhance the heating efficiency of SWNTs. Simulations have been carried out to investigate the relation between the temperature increase rate and the ratio of R ce-CNT to R ti-CNT . In figure 6 , we present the temperature increase rate of the cancer cell and the tissue using different ratios of R ce-CNT to R ti-CNT . By fitting the temperature rate of the cancer cell, the following equation can be obtained:
ce t 0.8
wherein T ce and r t are the temperature increase rate of the cancer cell and the ratio of R ce-CNT to R ti-CNT . The coefficient R 2 has a value of 0.9982 for the curve fit, indicating a good agreement between the equation and the simulation results. Similarly, the effect of the ratio of R ce-CNT to R ti-CNT on the temperature increase rate of the tissue can be obtained and expressed as follows: wherein T ti is the temperature rate of healthy tissue. The coefficient R 2 is 0.9806 for the curve fit. As shown in figure 6 and equations (7) and (8), changes in the ratio of R ce-CNT to R ti-CNT lead to opposite effects on the temperature increase rate of the cancer cell and of the healthy tissue.
Conclusions
To summarize, we have successfully developed a mesoscopic model of cancer photothermal therapy using SWNTs and NIR through an off-lattice Monte Carlo method. The complex morphology (diameter and aspect ratio) and dispersion pattern (orientation and concentration) of SWNTs have been taken into account. It was found that higher heating efficiency of SWNTs could be achieved by utilizing SWNTs perpendicular to the direction of the NIR beam and SWNTs of smaller diameter because of the induced larger effective absorption area of SWNTs to NIR. Better dispersion of SWNTs in biological systems resulted in enhanced absorption cross section of a single SWNT, thus leading to a higher heating efficiency of SWNTs. The biological systems (healthy tissue and cancer cell) obtained higher temperature with higher concentration of SWNTs, however, which should be well controlled in the case of cytotoxicity at high concentration of SWNTs.
Thermal boundary resistances were investigated by introducing a probability for phonon transmission at interfaces. The temperature of the cancer cell increased with the rise of thermal boundary resistance at tissue-SWNTs and tissue-cell interfaces. In contrast, the temperature of the healthy tissue decreased with the rise of these two resistances. Lower thermal resistance at the cell-SWNT interface induced a higher temperature of the cancer cell but a lower temperature of the healthy tissue. Higher cancer cell temperature compared to healthy tissue might be achieved by adjusting the thermal boundary resistances around SWNTs through appropriate interfacial modification. These findings may be beneficial for optimization of cancer photothermal therapy using NIR and SWNTs.
